Eukaryotic cells produce a variety of non-coding RNAs (ncRNAs), many of which have been shown to play pivotal roles in biological processes such as differentiation, maintenance of pluripotency of stem cells, and cellular response to various stresses. Genome-wide analyses have revealed that many ncRNAs are transcribed around regulatory DNA elements located proximal or distal to gene promoters, but their biological functions are largely unknown. Recently, it has been demonstrated in yeast and mouse that ncRNA transcription around gene promoters and enhancers facilitates DNA binding of transcription factors to their target sites. These results suggest universal roles of promoter/enhancer-associated ncRNAs in the recruitment of transcription factors to their binding sites.
Introduction
Technological advancement over the past 2 decades has revealed that eukaryotic cells synthesize a plethora of RNAs that do not encode canonical proteins (non-coding RNAs, ncRNAs). Studies using DNA microarray or deep sequencing techniques have reported widespread transcription of ncRNAs in diverse organisms ranging from yeast to humans.
1,2 They are not merely nonfunctional "junk" transcripts, but a significant number of ncRNAs serve as functional molecules that play key roles in complex cellular events such as stress response and development. 3 Recent transcriptome analyses have also revealed that many ncRNAs are transcribed around cis-regulatory DNA elements involved in transcriptional control. For example, promoter regions (consisting of core promoter elements and proximal regulatory elements) of protein-coding genes not only produce mRNAs but also trigger ncRNA transcription near the mRNA transcription start sites (TSSs). 4 These promoter-associated ncRNAs can be transcribed in the unidirectional or divergent orientation with respect to the direction of mRNA transcription. ncRNAs also originate from enhancers, which can activate gene transcription at a distance in multicellular organisms. 5 These ncRNAs in particular are referred to as enhancer RNAs (eRNAs).
Considering that they are transcribed near regulatory units for transcription, it is plausible that those promoter/enhancerassociated ncRNAs play roles in gene regulation, and a growing body of evidence is supporting this notion. For instance, transcription of promoter-associated ncRNAs affects the expression of cognate genes through transcriptional interference or modulation of chromatin structure in promoter regions. 6, 7 The eRNA transcription also regulates gene expression via several mechanisms, such as the stabilization of enhancer-promoter loops and the stimulation of transcription elongation at their target genes. 5, 8, 9 However, the function of the vast majority of ncRNAs transcribed from gene regulatory regions and their mechanisms of action are largely unknown.
Recently, it has been demonstrated that ncRNA expression around gene regulatory elements in fission yeast and mouse can enhance the loading of transcription factors (TFs) to their target sites. 10, 11 Such a mechanism may be conserved among eukaryotes. This review introduces 2 such examples and discusses the mechanism by which ncRNA transcription around regulatory elements locally promotes TF binding.
Transcription of promoter-associated ncRNAs facilitates TF binding in fission yeast
In the fission yeast Schizosaccharomyces pombe, we previously identified ncRNAs that are transcribed by RNA polymerase II (RNAP II) from the promoter region of fbp1 C (fructose-1,6-bisphosphatase 1), encoding a key enzyme for gluconeogenesis. 12, 13 These non-coding transcripts are referred to as "mlonRNAs" (metabolic stress-induced long non-coding RNAs).
14 When cells are grown in glucose-rich media, the longest version of mlonRNA (mlonRNA-a) is weakly transcribed across the TSS of fbp1 C mRNA (Fig. 1A) . In response to glucose depletion, the TSS of mlonRNA is shifted to the 3 0 CONTACT Kunihiro Ohta kohta@bio.c.u-tokyo.ac.jp direction, leading to the production of shorter mlonRNA species (mlonRNA-b and -c). This cascade-like transcription of mlonRNAs triggers a 5 0 to 3 0 stepwise chromatin remodeling along the fbp1 C promoter, thereby activating the expression of fbp1 C mRNA. Recently, we have shown that mlonRNA transcription locally facilitates chromatin remodeling and fbp1 C expression by promoting the association of the TF Atf1 on the fbp1 C promoter. 10 Atf1 is a member of ATF/CREB family proteins and a master regulator of stress responses in S. pombe.
15 Atf1 is known to bind to a cAMP-responsive element (CRE)-like cisacting element named UAS1 in the fbp1 C promoter region, located between the TSSs of mlonRNA-a and -b (Fig. 1A) . 12, 16 We found that Atf1 binding is severely reduced when mlonRNA transcription is inhibited by transcription inhibitors or by a mutation in the mlonRNA promoter which is deficient for the cascade mlonRNA transcription. 10 It should also be noted that deletion of the Atf1-binding site in the fbp1 C promoter greatly decreased mlonRNA expression. These results suggest that mlonRNA transcription and Atf1 binding mutually promote each other to form a positive feedback loop, which is assumed to establish a sharp and robust induction of fbp1 C in response to glucose shortage.
To explore the generality of this mechanism, we performed genome-wide analysis of Atf1 binding using chromatin immunoprecipitation sequencing (ChIP-seq). 10 In the S. pombe cells cultured under low-glucose conditions, we identified 50 genomic regions at which Atf1 binding is markedly impaired in the presence of a transcription inhibitor. We referred to these sites as "transcription-enhanced sites." Further comparison of the ChIP-seq data with the published RNA sequencing data 17 revealed that many such transcription-enhanced sites express ncRNAs in response to glucose starvation. In addition, transcription of these ncRNAs occurs concomitantly with an enhanced binding of Atf1 to its target sites near the transcribed segments. These observations support that Atf1 binding is facilitated by nearby ncRNA expression at many of these transcription-enhanced sites.
How does ncRNA transcription promote Atf1 binding? It should be noted that Atf1-DNA association is blocked by Groucho/Tup1-like corepressors Tup11 and Tup12. 10, 18, 19 Moreover, fbp1 C mlonRNA transcription can locally attenuate corepressor functions of the Tup proteins, thereby facilitating Atf1 binding to the fbp1 C promoter. 10 Importantly, Tup11 and Tup12 were co-purified with mlonRNA and some other glucose starvationinduced ncRNAs transcribed near other transcriptionenhanced sites, suggesting that Tup-ncRNA interaction may locally downregulate the Tup functions as transcriptional corepressors (Fig. 1B (i) ). Such inhibition is assumed to occur only in cis around the site of ncRNA transcription, since ectopic expression of mlonRNAs could not result in any enhancement of Atf1 binding in a trans-acting manner. Another mutually non-exclusive mechanism is that the ncRNA transcription per se can facilitate the loading of Atf1 to the target sites ( (ii)), possibly through the local alteration of chromatin structure. 10 
Trapping of a TF by ncRNAs in gene regulatory elements in mice
Similar ncRNA-mediated TF recruitment has been described in embryonic stem cells by Sigova and colleagues. 11 In this study, the authors focused on the TF YY1 (Ying Yang 1), which is ubiquitously expressed in mammalian cells and plays roles in various biological processes such as development and cellular proliferation. 20 ChIP-seq and CLIP-seq (crosslinking immunoprecipitation combined with deep sequencing) analyses revealed that YY1 not only occupies enhancers and promoterproximal elements but also interacts with RNAs transcribed from these loci. 11 In addition, the association of YY1 with chromatin was impaired upon treatment by the transcription inhibitor 5,6-dichloro-1-b-D-ribofuranosylbenzimidazole (DRB) and RNase. Furthermore, artificial tethering of RNA in the vicinity of YY1-binding sites increased the YY1 occupancy at the regions. These results suggest that ncRNAs transcribed from gene regulatory elements locally function in the form of nascent transcripts to trap YY1 on chromatin and assist its association with DNA.
Possible mechanisms for ncRNA-based enhancement of TF recruitment
The number of reports describing varied molecular functions of ncRNAs characterized so far has been steadily increasing, and the functions include RNA sponges, cis-acting tethers, and scaffolds to recruit chromatin modulators. 3, 21 In light with previous research, we propose several possible molecular mechanisms for the ncRNA-based enhancement of TF recruitment (see Fig. 2) .
First, as seen in the case of mouse YY1, TFs can be trapped by nascent ncRNAs synthesized in the vicinity of their target sites, and this TF trapping enables efficient binding of the TFs to the regions (Fig. 2A) . It has been demonstrated that some TFs can bind both DNA and RNA. 22 Such dual binding capacity likely enables the TF trapping mechanism. It should be noted that Atf1 can physically interact with RNA as well as DNA. 23 Thus, nascent ncRNAs likely tether Atf1 to nearby target sites 10 at least in some transcription-enhanced loci. Second, it is possible that promoter/enhancer-associated ncRNAs locally stimulate TF binding by modulating the action of proteins that promote TF binding (Fig. 2B) . A number of ncRNAs are known to interact with histone modifiers and chromatin remodelers. 3 It is therefore likely that promoter/enhancer-associated ncRNAs help specific and local entry of these chromatin modifiers to establish high competency for subsequent TF recruitment. The third possibility is that these ncRNAs attenuate the functions of proteins that inhibit TF binding (Fig. 2C) , such as corepressors, as was suggested in the case of fbp1 C mlonRNA. 10 Fourth, ncRNA transcription enables efficient TF binding through the formation of R-loops (RNA:DNA hybrids), which are often observed at promoters and enhancers (Fig. 2D) . 24, 25 In humans, head-to-head antisense transcription leads to R-loop formation at the promoter of the vimentin (VIM) gene, and this structure indeed facilitates the binding of NF-kB to the promoter. 26 Lastly, promoter/enhancer-associated ncRNA transcription itself may enhance TF association, because the transcriptional machinery can affect the spatial distribution of nucleosomes (Fig. 2E) . 27, 28 Such transcriptioncoupled chromatin reorganization may locally facilitate TF recruitment.
Generality and biological consequences of TF binding enhanced by ncRNA transcription
The studies by our group and Sigova et al. 10, 11 have suggested that ncRNA transcription near gene regulatory elements locally promotes TF recruitment to their target sites in diverse organisms. These observations also suggest that promoter/enhancerassociated ncRNAs function by common mechanisms to regulate gene expression. It has been reported that the expression of ncRNAs often occurs around cis-acting regulatory DNA elements prior to the induction of cognate genes, especially during a variety of cellular responses. 17, 29 These observations lead us to speculate that the ncRNA transcription near these loci may regulate the local recruitment of TFs to their target sites in response to certain stimuli. It should be noted that transcriptional inhibition does not always affect binding of TFs: among others, estrogen receptor 1 (ESR1) binding to enhancers apparently is eRNA transcription-independent. 30 What is the biological significance of the role of ncRNA transcription in regulation of TF binding? As mentioned above, the fission yeast Atf1 binding and mlonRNA transcription mutually promote each other, establishing a local positive feedback. 10 This local regulation enables the topical activation of a self-reinforcing loop, leading to a switch-like robust activation of the downstream gene. The ncRNA-enhanced recruitment of mouse YY1 to DNA may also exhibit a similar feedback mechanism. 11 Another advantage of the ncRNAbased mechanism may be gene-specific activation in response to numerous types of cellular signals. In this model, TFs may be directed to limited binding sites by nearby ncRNA transcription induced by specific stimuli. Such a system only requires specific ncRNAs, reducing the number of specific TFs that would be necessary to trigger specific responses or developmental stages. By employing such ncRNA-based transcription control, eukaryotic cells may achieve higher complexity with a more simple system containing fewer TFs.
Concluding remarks
Higher eukaryotic cells are known to express numerous promoter/enhancer-associated ncRNAs. Recent studies suggest that ncRNA transcription plays an evolutionarily conserved key role in the locus-specific recruitment of TFs in response to various stimuli. Further investigation of ncRNA-dependent TF recruitment in various processes such as stress response, cellular differentiation, and occurrence of diseases are expected to shed light on context-specific molecular mechanisms that govern cellular adaptation.
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